Abstract: Here, we investigated the influence of physicochemical characteristics of chondroitin sulfate (CS) on its in vitro absorption and anti-inflammatory activity. We used eight different synthetic and natural CS samples with a range of molecular weights (7-35 kDa) and sulfation patterns. Our studies indicate that the absorption of CS is moderately correlated to percentage of chondroitin-6-sulfate while the anti-inflammatory activity may be weakly related to the molecular weight and the amount of total sulfation in the samples. Our in vitro studies could provide helpful screening tools for quick and effective evaluation of CS samples as a preliminary step towards in vivo studies.
employing non-steroidal anti-inflammatory drugs (NSAIDs), have been reported to be ineffective with questionable efficacy and adverse effects in many OA patients (Dieppe, 1978) . The high price of other such pharmacological interventions as cyclooxygenase-2 (COX-2) inhibitors and local intra-articular steroid injections has outweighed their effectiveness or reduced side effects. In the recent past, nutritional supplements containing glucosamine and chondroitin sulfate (CS) have received much attention and support from researchers due to their promising potential in reducing pain and preserving joint functionality in patients with OA (McAlindon, LaValley, Gulin, & Felson, 2000) . Numerous clinical studies provided evidence suggesting that orally administered CS acts as a slow acting symptomatic drug in patients with OA and is safe at doses as high as 800 -1200 mg/day (Bucsi & Poor, 1998; Uebelhart, Thonar, Delmas, Chantraine, & Vignon, 1998) . CS consists of a heterogeneous group of compounds with variable molecular weights and sulfation patterns (N. Volpi 2004) . The animal-extracted CS samples, often found in many common supplements, are known to exhibit a variety of molecular weights and chondroitin-4-sulfate (CS4) to chondroitin-6-sulfate (CS6) ratio (N. Volpi, 2004) . For instance, while CS samples extracted from porcine trachea exhibit a usual molecular weight ~18 kDa with a CS4-to-CS6 ratio of 2.4, shark cartilage derived CS samples possess >50 kDa molecular weight with a low CS4-to-CS6 ratio of 0.47. Despite the potential of CS in treating OA, very little is known regarding the influence of aforementioned heterogeneity and sulfation patterns on the bioavailability, anti-inflammatory activity, and in general overall efficacy of CS based supplements.
Indeed, the heterogeneities in CS are crucial for some of their functions and have been found to strongly impact the role of CS in neuronal regeneration, plasticity, and recovery (V. P. Swarup et al. 2013) . Therefore, a detailed study exploring the effects of heterogeneities in CS on its adsorption, anti-inflammatory, and anti-oxidative properties is necessary for identifying, designing, and developing new CS structures that could be biochemically synthesized. Although some speculations have been made regarding the correlation between molecular weight of CS and their bioavailability, at present, no such targeted studies have been conducted either in vitro or in vivo.
In this article, we investigated the influence of physicochemical characteristics of CS on its in vitro absorption and anti-inflammatory activity. We used eight different synthetic and natural CS samples with a range of molecular weights (7-35 kDa) and sulfation patterns. We employed Caco-2 monolayer cells to study the in vitro absorption and determine the permeability coefficients (P eff ) of different CS samples. Furthermore, the anti-inflammatory activity of CS samples was assessed by their ability to inhibit expression of a panel of inflammatory cytokines-tumor necrosis factor-alpha (TNF-α), and interleukin-6 (IL-6). Of the eight CS samples evaluated, four had a P eff value of 15 x 10 -6 cm sec -1 or higher indicating moderate to high absorption. Two of the four samples with higher P eff values were high molecular weight compounds (~ 35 kDa) suggesting possible influence of molecular weight on the bioavailability of CS. All the CS samples significantly inhibited expression of TNF-α (at both low ~5 mg/ml and high ~15 mg/ml concentrations) while the expression of IL-6 was inhibited by some of the CS samples at high concentration. Interestingly, we observed a moderate correlation between the absorption and percentage of 6-sulfated disaccharides in the CS samples while no correlation seemed to exist between the molecular weights and anti-inflammatory activity of these samples.
Experimental:
We obtained 8 different CS samples labeled from A-F (4 synthetic, 3
bovine trachea-derives, 1 porcine trachea-derived) from Pharmavite, LLC, Northridge, CA (see Table 1 ). The physico-chemical characteristics of our samples including MW, CS4 and CS6 content were quantified using high performance size exclusion chromatography (HPSEC), enzymatic hydrolysis, and ion-pairing reversed-phase liquid chromatography.
High performance size exclusion chromatography: For HPSEC, two Agilent Bio SEC-3
(150 x 7.8 mm) columns with pore sizes 150 Å and 100 Å (Agilent, Part # 5190-2507
and # 5190-2502) were connected in tandem. 80% buffer (30 mM Disodium hydrogen phosphate, 30 mM Sodium sulfate, pH ~7) and 20% ethanol was used as mobile phase at a flow rate of 1.0 ml/min and run time of 15 minutes. 5 µl injection volumes of standards or samples were injected and chromatograms were recorded at 205 nm using a photo diode array (PDA) detector (Waters # 2998 PDA detector). A standard curve was plotted using retention times of standards and their corresponding molecular weights. The standard curve was then used to determine molecular weights of CS samples whose retention times were known (see Table 1 
Inflammatory response:
The influence of CS on the production of inflammatory markers such as TNF-α (Invitrogen, Catalog # 3012), IL-1β, IL-6, and NO production (Griess reagent) was measured on RAW264.7 cells using standard ELISA and Griess reagent kits.
Results and Discussion:
As shown in Table 1 , the molecular weights of sample A-F, obtained using HPSEC, were found to range from 7-35 KDa. Considering the limited sensitivity of the HPSEC in separating samples very close to each other in size, it was difficult to obtain the absolute molecular weights of these samples. Nonetheless, it could be gleaned from Table 1 that the sample pairs A-B, C-D, E-F, and G-H possess similar molecular weights. Although the samples differed from each other in % ΔDi-6S, they do not differ much in total sulfation (= % ΔDi-4s+% ΔDi-6S). Importantly, samples B, G and H had higher % ΔDi-6S compared to the other CS samples used in this study.
Considering its morphological and functional similarities to the enterocytes of small intestine, Caco-2 has been used as a well-established in vitro method for evaluating drug/nutrient absorption. Although the bioavailability of a drug is hard to be quantified using Caco-2 studies, it is still helpful to qualitatively rank a series of compounds (in this case, samples A-F) in order of their possible absorbability.
Any compounds with P eff values over 10 -6 cm s -1 are considered to be of high absorption with over 90% absorption while compounds with P eff < 10 -7 cm s -1 have a very low absorption (Artursson et al., 2001 ).
As shown in Fig. 1a , Sample B exhibited the highest P eff among the samples. Although samples A and B were of similar molecular weight, their P eff values were found to different with P eff for B > P eff for A. Such an observation may possibly be attributed to the fact that % ΔDi-6S in sample B is higher to sample A. Despite of their comparatively higher molecular weights, samples G and H showed higher absorption than the lower molecular weight samples A, C, D and E and whose % ΔDi-6S was lower than that of samples G and H. Fig. 1b showed that no correlation exists between molecular weight and P eff suggesting that the absorption of CS is independent of molecular weight. The bivariate fit of P eff and % ΔDi-6S in CS sample resulted in R-square value of 0.5 (weak correlation) and a p-value ~0.0477 revealing that CS absorption may depended upon % ΔDi-6S and alternatively the source material of CS. (Fig. 1c) . Such an observation may possibly explain the earlier results wherein shark chondroitin sulfate exhibited a higher absorption despite its high molecular weight of 44 kDa seen in humans (N. Volpi, 2003) .
A lack of natural or synthetic CS samples with pure ΔDi-4S in our sample set, no correlation data could be obtained for P eff and % ΔDi-4S. Nonetheless, the significant effect of % ΔDi-6S on P eff (Fig. 1c) combined with a lack of correlation between % total sulfated ΔDi and P eff (Fig. 1d) indicates that the presence of non-zero amounts of 4S may negate positive correlation of ΔDi-6S with P eff in CS.
We observed that all CS samples exhibited moderate to strong anti-inflammatory activity by inhibiting inflammatory cytokine (TNF-α and IL-6) production by the RAW 264.7 cells. Our results are in agreement with cytokine lowering effect of CS as reported by several researchers in in vitro studies (G. M. Campo et al., 2009) , animal (Bauerova et al., 2011; Giuseppe M. Campo et al., 2003) studies. As shown in Table 2 and Fig. 2 , the % reduction in TNF-α may be very weakly correlated to MW and % ΔDi-total since it exhibited R2 values > 0.42. Furthermore, it is possible that % reduction in TNF-α is related to % ΔDi-4S since no (weak) correlation existed between TNF-α and % ΔDi-6S
(% ΔDi-total). Interestingly, the correlation between TNF-α and MW/% ΔDi-total were found to be more pronounced at higher CS concentrations (15 µg/ml). We did not find any systematic correlations had been observed between the molecular weights, % ΔDi-6S or total % sulfated ΔDi and IL-6 levels. At 5 µg/ml concentration, sample B ranked high among the samples in inhibiting the production of LPS stimulated TNF-α in RAW 264.7 cells. However, at the same concentration, the inhibition of IL-6 by sample B was not significant compared to LPS positive. At 15 µg/ml concentration, sample B stands out as the best among the CS samples by inhibiting production of both TNF-α and IL-6.
These studies suggest the anti-infammatory activity of CS, unlike its absorption, does not systematically depend on any physicochemical parameters.
Conclusions: Synthetic and natural CS samples with a range of molecular weights (7-35 kDa) and sulfation patterns showed that the absorption of CS may be weakly correlated to % ΔDi-6S and is nearly independent of molecular weight. All the CS samples significantly inhibited expression of TNF-α (at both low ~5 mg/ml and high ~15 mg/ml concentrations) while the expression of IL-6 was inhibited by some of the CS samples at high concentration. We observed a weak correlation between the % reduction in TNF-α and MW and % ΔDi-total while no correlation seemed to exist between the IL-6 and physicochemical characteristics of CS. In conclusion, our studies provide a guiding tool in identifying the CS compounds that are most likely to be effective in vivo or in clinical studies. The in vitro screening strategies described in this article could help lower the expense incurred on the clinical trials by several folds by helping in sample pre-screening in terms of absorption and anti-inflammatory activity.
Sample ID MW (kDa) %ΔDi--0s
%ΔDi--4s %ΔDi--6s Table 1 : Molecular weight and the content of unsulfated, chondroitin-4-sulfate, and chondroitin-6-sulfate, determined using HPSEC and HPLC measurements. 
